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(54) Casting of metal 

(57) Method for continuously casting metal strip of 
the kind in which molten metal is introduced into the nip 
between a pair of parallel casting rolls (16) via a metal 
delivery nozzle (1 9) disposed above the nip to create a 
casting pool (30) of molten metal supported on casting 
surfaces (16A) of the rolls immediately above the nip 
and the casting rolls (16) are rotated to deliver a solidi- 
fied metal strip (20) downwardly from the nip. 

The casting surfaces (16A) are smooth so as to 
have an Arithmetic Mean Roughness Value (R a ) of less 
than 5 microns and the casting pool contains material 
to form on each of the casting surfaces a thin layer in- 
terposed between the casting surface and the casting 
pool during metal solidification a major proportion of 
which layer is liquid during the metal solidification and 
the liquid of the layer has a wetting angle of less than 
40° on the casting surface. This promotes wetting of the 
smooth casting surfaces and increases heat flux during 
metal solidification. 
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Description 

This invention relates to the casting of metal. It has 
particular but not exclusive application to the casting of 
ferrous metal strip. 

It is known to cast metal strip by continuous casting 
in a twin roll caster. In this technique molten metal is 
introduced belween a pair of contra-rotated horizontal 
casting rolls which are cooled so that metal shells solid- 
ify on the moving roll surfaces and are brought together 
at the nip between them to produce a solidified strip 
product delivered downwardly from the nip between the 
rolls. The term "nip" is used herein to refer to the general 
region at which the rolls are closest together. The molten 
metal may be poured from a ladle into a smaller vessel 
from which it flows through a metal delivery nozzle lo- 
cated above the nip so as to direct it into the nip between 
the rolls, so forming a casting pool of molten metal sup- 
ported on the casting surfaces of the rolls immediately 
above the nip and extending along the length of the nip. 
This casting pool is usually confined between side 
plates or dams held in sliding engagement with end sur- 
faces of the rolls so as to dam the two ends of the casting 
pool against outflow, although alternative means such 
as electromagnetic barriers have also been proposed. 

Although twin roll casting has been applied with 
some success to non-ferrous metals which solidify rap- 
idly on cooling, there have been problems in applying 
the technique to the casting of ferrous metals. One par- 
ticular problem has been the achievement of sufficiently 
rapid and even cooling of metal over the casting surfac- 
es of the rolls. 

Our International Patent Application PCT/ 
AU93/00593 describes a development by which the 
cooling of metal at the casting surface of the rolls can 
be dramatically improved by taking steps to ensure that 
the roll surfaces have certain smoothness characteris- 
tics in conjunction with the application of relative vibra- 
tory movement between the molten metal of the casting 
pool and the casting surfaces of the rolls. Specifically 
that application discloses that the application ot vibrato- 
ry movements of selected frequency and amplitude 
make it possible to achieve a totally new effect in the 
metal solidification process which dramatically im- 
proves the heat transfer from the solidifying molten met- 
al, the improvement being such that the thickness of the 
metal being cast at a particular casting speed can be 
very significantly increased or alternatively the speed of 
casting can be substantially increased for a particular 
strip thickness. The improved heat transfer is associat- 
ed with a very significant refinement of the surface struc- 
ture of the cast metal. 

Our Australian Patent Application 17896/95 de- 
scribes a further development whereby effective relative 
vibration between the molten metal of the casting pool 
and the casting surface can be induced by the applica- 
tion of sound waves to the molten metal of the casting 
pool whereby increased heat transfer and solidification 



structure refinement can be achieved by the application 
of sound waves in the sonic range at quite low power 
levels. 

We have now carried out extensive research on the 
5 heat transfer mechanism occurring at the interface be- 
tween the casting surface and the molten metal of the 
casting pool and have determined that the heat flux on 
solidification can be controlled and enhanced by ensur- 
ing that the casting surfaces are each covered by a layer 
to of a material which is at least partially liquid at the so- 
lidification temperature of the metal. It is thus possible 
in accordance with the invention to achieve improved 
heat transfer and this may be achieved without neces- 
sarily generating relative vibration between the casting 
15 pool and the rolls. If the enhanced heat transfer is pro- 
duced in accordance with the invention on a smooth 
casting surface it is possible also to achieve refined sur- 
face structure of the cast metal. 

In the ensuing description it will be necessary to re- 
20 fer to a quantitative measure of the smoothness of cast- 
ing surfaces. One specific measure used in our experi- 
mental work and helpful in defining the scope of the 
present invention is the standard measure known as the 
Arithmetic Mean Roughness Value which is generally 
25 indicated by the symbol R a . This value is defined as the 
arithmetical average value of all absolute distances of 
the roughness profile from the centre line of the profile 
within the measuring length l m . The centre line of the 
profile is the line about which roughness is measured 
30 and is a line parallel to the general direction of the profile 
within the limits of the roughness-width cut-off such that 
sums of the areas contained between it and those parts 
of the profile which lie on either side of it are equal. The 
Arithmetic Mean Roughness Value may be defined as 

35 

* - K 

R a = 1 I | y | dx 

x = 0 

According to the invention there is provided a meth- 
od of casting metal in which molten metal solidifies in 
contact with a casting surface, wherein the casting sur- 

45 face has an Arithmetic Mean Roughness Value (R a ) of 
less than 5 microns and there is interposed between the 
casting surface and the molten metal during solidifica- 
tion a layer of material a major proportion of which layer 
is liquid during the metal solidification and the liquid of 

50 the layer has a wetting angle of less than 40° on said 
casting surface. 

Preferably said layer is less than 5 microns thick. 
The invention further provides a method for contin- 
uously casting metal strip of the kind in which the casting 

55 pool of molten metal is formed in contact with a moving 
casting surface such that metal solidifies from the pool 
onto the moving casting surface, wherein the casting 
surface has an Arithmetic Mean Roughness Value (R a ) 
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of less than 5 microns and there is interposed between 
the casting surface and the casting pool during said met- 
al solidification a layer of material a major proportion of 
which layer is liquid during the metal solidification. 

Said layer of material may be generated entirely s 
from the casting pool. Alternatively it may comprise ma- 
terial applied to the casting surface at a position in ad- 
vance of its contact with the casting pool. 

The metal may be steel in which case the casting 
pool may contain oxides of iron, manganese and silicon 10 
and said layer may comprise a mixture of iron, manga- 
nese and silicon oxides, the proportions of the mixture 
being such that the mixture is at least partially liquid dur- 
ing metal solidification. 

The pool may further comprise aluminium oxide and is 
said layer may comprise a mixture of iron, manganese, 
silicon and aluminium oxides. 

The method of the invention may be carried out in 
a twin roll caster. 

Accordingly the invention further provides a method 20 
of continuously casting metal strip of the kind in which 
molten metal is introduced into the nip between a pair 
of parallel casting rolls via a metal delivery nozzle dis- 
posed above the nip to create a casting pool of molten 
metal supported on casting surfaces of the rolls imme- 25 
diately above the nip and the casting rolls are rotated to 
deliver a solidified metal strip downwardly from the nip, 
wherein there is interposed between each of the casting 
surfaces of the rolls and the casting pool during said 
metal solidification a layer of material a major proportion 30 
of which layer is liquid during the metal solidification. 

It is preferred that the liquid fraction in the layer be 
at least 0.75. 

Preferably the casting pool contains the material 
which forms the layer on each of the casting surfaces of 35 
the rolls as they come into contact with the pool on ro- 
tation of the rolls. 

The casting rolls may be chrome plated such that 
the casting surfaces are chrome plating surfaces. 

The metal may be steel, in which case the pool may 40 
contain slag comprising iron, manganese and silicon ox- 
ides and said layer may comprise iron, manganese and 
silicon oxides deposited on the casting roll from the slag. 

The slag may also comprise aluminium oxide and 
said material may accordingly comprise a mixture of 45 
iron, manganese, silicon and aluminium oxides. 

In order that the invention may be more fully ex- 
plained the results of experimental work carried out to 
date will be described with reference to the accompa- 
nying drawings in which: 50 

Figure 1 illustrates experimental apparatus for de- 
termining metal solidification rates under conditions 
simulating those of a twin roll caster; 
Figure 2 illustrates an immersion paddle incorporat- 55 
ed in the experimental apparatus of Figure 1 ; 
Figure 3 illustrates thermal resistance values ob- 
tained during solidification of a typical steel sample 



in the experimental apparatus; 
Figure 4 illustrates the relationship between wetta- 
bility of an interface layer and measured heat flux 
and interface resistance; 

Figures 5, 5A and 6 illustrate variations in heat flux 
obtained by the additions of tellurium to stainless 
steel melts; 

Figure 7 illustrates typical heat flux values obtained 
on solidification of electrolytic iron with and without 
oxygen addition; 

Figures 8 and 9 illustrates the results of tests in 
which oxide film was allowed to build up gradually 
during successive oxide immersions; 
Figure 10 is a phase diagram for Mn-SiO mixtures; 
Figure 11 shows wetting angle measurements for 
various manganese and silicon oxide mixtures; 
Figure 12 is a three-component phase diagram for 
manganese, silicon and aluminium oxide mixtures; 
Figures 1 3 and 1 4 illustrate the effect of varying alu- 
minium content on solidification from a steel melt; 
Figure 15 illustrates the effect of free oxygen on the 
slag liquidus temperature of steel melts; 
Figure 16 illustrates the manner in which total heat 
flux achieved in the solidification of steel specimens 
was related to the liquidus temperature of the steel 
deoxidation products; 

Figure 17 illustrates an important relationship be- 
tween the total heat flux obtained on solidification 
of steel specimens and the proportions of the steel 
deoxidation products which became liquid during 
the solidification process; 

Figure 18 is a phase diagram for CaO-AI 2 0 3 mix- 
tures; 

Figures 19 and 20 show the results of calcium ad- 
ditions on solidification of specimens from A06 steel 
melts; 

Figure 21 illustrates the results of model calcula- 
tions on the effect of the thickness of the surface 
layer; 

Figure 22 is a plan view of a continuous strip caster 
which is operable in accordance with the invention; 
Figure 23 is a side elevation of the strip caster 
shown in Figure 22; 

Figure 24 is a vertical cross-section on the line 

24- 24 in Figure 22; 

Figure 25 is a vertical cross-section on the line 

25- 25 in Figure 22; 

Figure 26 is a vertical cross-section on the line 

26- 26 in Figure 22; and 

Figure 27 illustrates the oxide phases present in a 
melt of manganese/silicon killed steel melt. 

Figures 1 and 2 illustrate a metal solidification test 
rig in which a 40 mm x 40 mm chilled block is advanced 
into a bath of molten steel at such a speed as to closely 
simulate the conditions at the casting surfaces of a twin 
roll caster. Steel solidifies onto the chilled block as it 
moves through the molten bath to produce a layer of 
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solidified steel on the surface of the block. The thickness 
of this layer can be measured at points throughout its 
area to map variations in the solidification rate and 
therefore the effective rate of heat transfer at the various 
locations. It is thus possible to produce an overall solid- s 
ification rate as well as total heat flux measurements. It 
is also possible to examine the microstructure of the 
strip surface to correlate changes in the solidification 
microstructure with the changes in observed solidifica- 
tion rates and heat transfer values. 

The experimental rig illustrated in Figures 1 and 2 
comprises an induction furnace 1 containing a melt of 
molten metal 2 in an inert atmosphere of argon gas. An 
immersion paddle denoted generally as 3 is mounted on 
a slider 4 which can be advanced into the melt 2 at a 
chosen speed and subsequently retracted by the oper- 
ation of computer controlled motors 5. 

Immersion paddle 3 comprises a steel body 6 which 
contains a substrate 7 in the form of a chrome plated 
copper disc of 46 mm diameter and 1 8 mm thickness. It 
is instrumented with thermo-couples to monitorthe tem- 
perature rise in the substrate which provides a measure 
of the heat flux. 

Tests carried out on the experimental rig illustrated 
in Figures 1 and 2 have demonstrated that the observed 
solidification rates and heat flux values as well as the 
microstructure of the solidified shell are greatly affected 
by the conditions at the shell/substrate interface during 
solidification and that significantly increased heat flux 
and solidification rates can be achieved by ensuring that 
the substrate is covered by a partially liquid layer during 
the solidification process so that the layer is interposed 
between the substrate and the solidifying shell. The 
tests have shown that high heat flux and solidification 
rates can be achieved with smooth substrate surfaces 
having an Arithmetical Mean Roughness Value (R a ) of 
less than 5 microns and that this results in a refinement 
of the grain structure of the solidified metal. 

During solidification the total resistance to heat flow 
from the melt to the substrate (heat sink) is governed by 
the thermal resistances of the solidifying shell and the 
shell/substrate interface. Under the conditions of con- 
ventional continuously cast sections (slabs, blooms or 
billets), where solidification is completed in around 30 
minutes, the heat transfer resistance is dominated by 
the solidifying shell resistance. However, our experi- 
mental work has demonstrated that under th in strip cast- 
ing conditions, where solidification is completed in less 
than a second, the heat transfer resistance is dominated 
by the interface thermal resistance at the surface of the 
substrate. 

The heat transfer resistance is defined as 



where Q, ATand fare heat flux, temperature difference 
between melt and substrate and time, respectively. 
Figure 3 illustrates thermal resistance values ob- 



tained during solidification of a typical M06 steel sample 
in the test rig. This shows that the shell thermal resist- 
ance contributes only a small proportion of the total ther- 
mal resistance which is dominated by the interface ther- 
mal resistance. The interface resistance is initially de- 
termined by the melt/substrate interface resistance and 
later by the shell/substrate interface thermal resistance. 
Furthermore, it can be seen that the interface thermal 
resistance does not significantly change in time which 
indicates that it will be governed by the melt/substrate 
thermal resistance at the initial melt/substrate contact. 

For a two-component system (melt and substrate), 
the melt/substrate interface resistance and heat flux are 
determined by the wettability of the melt on a particular 
substrate. This is illustrated in Figure 4 which shows 
how interface resistance increases and heat flux de- 
creases with increasing wetting angle which corre- 
sponds with reducing wettability. 

The importance of wetting of the substrate by melt 
was demonstrated by the developmental work de- 
scribed in our aforesaid International Patent Application 
PCT/AU93/00593 which discloses application of vibra- 
tory movements. The application of vibratory move- 
ments was for the purpose of promoting wetting of the 
substrate and increasing the nucleation density for the 
melt solidification. The mathematical model described 
at page 10 of that case proceeded on the basis that full 
wetting was required and considered the vibrational en- 
ergy required to achieve this. In the experimental work 
which verified this analysis it was shown that significant 
improvement in heat flux could not be obtained unless 
the substrate was smooth. More specifically, it is neces- 
sary for the substrate to have an Arithmetic Mean 
Roughness Value (R a ) of less than 5 microns in order 
to obtain adequate wetting of the substrate, even with 
the application of vibration energy. The same results ap- 
ply to the application of the present invention, and is 
therefore necessary to have a smooth casting surface 
having an Arithmetic Mean Roughness Value (R a ) of 
less than 5 microns. 

The importance of the wettability of the melt on the 
substrate and the need for a smooth substrate is con- 
firmed by results obtained on solidification from melts 
containing additions of tellurium which is known to re- 
duce the surface tension of iron. Figure 5 illustrates 
maximum heat flux measurements obtained on solidifi- 
cation of stainless steel onto smooth chromium sub- 
strates from melts containing tellurium additions. It will 
be seen that the heat flux was strongly affected by the 
tellurium additions and was in fact almost doubled by 
tellurium additions of 0.04% of more. 

Figure 6 plots maximum heat flux measurements 
against varying surface tension of the melt produced by 
the tellurium additions and it will seen that the heat flux 
increased substantially linearly with corresponding re- 
ductions in surface tension. 

Figure 5A illustrates maximum heat flux measure- 
ments obtained on solidification of stainless steel with 
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tellurium additions onto chromium substrates with tex- 
tured surface. The lower line shows the results for a tex- 
tured surface having flat top pyramids at 150 microns 
pitch and the upper line shows the results for a surface 
textured by regular ridges at 1 00 microns pitch. It will be 
seen that in both cases the heat flux was unaffected by 
the tellurium additions. With a textured surface the nu- 
cleation density is established by the texture and heat 
flux cannot be dramatically improved by enhanced wet- 
tability of the melt whereas a significant improvement 
can be obtained on a smooth substrate. 

The significance of wettability of the melt on the sub- 
strate has been further demonstrated by examining the 
effect of oxygen additions on the resulting heat flux. Ox- 
ygen is surface active and is known to reduce the sur- 
face tension of iron : although not to the same degree as 
tellurium. Figure 7 illustrates typical heat flux values ob- 
tained on solidification of electrolytic iron with and with- 
out oxygen addition. It will be seen that the heat flux is 
dramatically increased by the oxygen addition, particu- 
larly in the early stages of the solidification process. 

The test results described thus far were obtained 
from strictly controlled two component melt and sub- 
strate systems. Usually a third component is present at 
the melt/substrate interface in the form of oxides. These 
oxides are most likely originated at the melt surface and 
subsequently deposited on the substrate surface as a 
thin film. When casting steel in a strip caster such oxides 
will generally be present as slag floating on the upper 
surface of the casting pool and are deposited on the 
casting surface as it enters the pool. It is generally been 
considered necessary when casting steel in a twin roll 
caster to brush or otherwise clean the casting rolls to 
avoid the build up of oxides which have been recognised 
as contributing to thermal resistance and causing sig- 
nificant reduction in heat flux and solidification rates. 

In order to examine the effect of oxide build up on 
the substrate, oxide film was allowed to build up gradu- 
ally during successive substrate immersions in a stain- 
less steel melt and heat flux measurements were taken 
on solidification during each immersion. Figure 8 illus- 
trates results obtained from these experiments. Initially 
the build up of oxides produced a progressive reduction 
in measured heat flux. However, when the oxide layer 
exceeded approximately 8 microns in thickness, a very 
large initial increase in heat flux was observed followed 
by a sharp reduction. Examination of the oxide surface 
revealed signs of melting and coalescence into coarser 
oxide grains. The oxide layer was found to be mainly 
composed of manganese and silicon oxides. 

The Mn-Si0 2 phase diagram presented in Figure 1 0 
(Glasser [1 958]) shows that for a full range of composi- 
tions, some liquid is present above 1315°C and that in 
the eutectic region melting can start from 1 251 °C. Math- 
ematical analysis of the results obtained on solidification 
of the stainless steel on a substrate with a heavy oxide 
deposit as represented in Figure 8 showed that at the 
early stages of melt/substrate contact the surface of the 



oxide layer reached high enough temperatures to melt 
and remain molten for a period of 7 to 8 milliseconds as 
illustrated in Figure 9. This period corresponded to the 
period of increased heat flux indicated in Figure 8 and 
5 demonstrates that the increased heat flux was due to 
presence of a partially liquid layer at the substrate/melt 
interface at this period. 

In view of the demonstrated importance of wettabil- 
ity at the melt/substrate interface it was concluded that 
10 the melting of the manganese and silicon oxides pro- 
duced improved wettability so as to increase the heat 
flux at the relevant time. This conclusion was tested by 
measuring the wettability of various manganese and sil- 
icon oxide mixtures on a Cr substrate. The results of 
is these measurements are illustrated in Figure 11 which 
shows that at typical temperatures between 1250 and 
1400°C mixtures of MnO and Si0 2 of varying propor- 
tions all exhibit good wetting angle measurements. A 
mixture of the proportions 75% MnO and 25% Si0 2 ex- 
20 hibits particularly good wettability on a C r substrate. This 
result is consistent with the proposition that if a mixture 
of MnO and Si0 2 is present at temperatures at which 
this mixture melts, this particular molten mixture will en- 
hance wettability at the substrate interface with conso- 
ls quent dramatic improvement in total heat flux. 

It should be observed that all of the melting angle 
measurements exhibited in Figure 11 represent very 
good wetting indeed. The highest melting angle ob- 
served was slightly less than 40° and the majority were 
30 much less than this. These results show that by appro- 
priately choosing the proportions of silicon and manga- 
nese it is possible to produce a dramatic transition from 
very poor wettability to extremely good wettability with 
melting angles of less than 40°. 
35 when casting steels the melt will usually contain 
aluminium as well as manganese and silicon and ac- 
cordingly there will be a three phase oxide system com- 
prising MnO, Si0 2 and Al 2 0 3 . In order to determine the 
melting temperature of the oxides it is therefore neces- 
40 sary to consider the three-component phase diagram as 
illustrated in Figure 12. 

Our experimental work has shown that total heat 
flux obtained on solidification reduces with increasing 
aluminium content of the melt as illustrated by Figure 
45 1 3. The reduction in heat flux is caused by the formation 
of AI 2 O 0 during solidification as illustrated in Figure 14. 

From the above results it appears that increased 
heat flux can be obtained if a partially liquid oxide layer 
is present on the substrate, particularly a layer of MnO 
so and Si0 2 and if the formation of Al 2 0 3 can be minimised. 
In order to test this, the effect of oxygen blowing on 
a typical M06 melt was investigated since the presence 
of oxygen is such as to affect the slag liquidus temper- 
ature. Oxygen has a very strong affinity for iron and the 
55 transient effect of increasing the availability of free oxy- 
gen is to produce much more iron oxide than would be 
achieved under equilibrium conditions. This has the ef- 
fect of lowering the melting temperature of the oxide lay- 
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er with the result that the oxide layer is more likely to be 
liquid during casting conditions. The presence of free 
oxygen also increases the production of MnO and Si0 2 
in proportions closer to a eutectic composition which will 
also enhance' the formation of a liquid oxide layer at typ- 
ical casting temperatures. 

The effect of free oxygen in the melt on the slag liq- 
uidus temperature of typical M06 steels of varying man- 
ganese content at a temperature of 1 650°C is illustrated 
in Figure 15. These results show that the liquidus tem- 
perature of the slag can be minimised by controlling the 
availability of free oxygen at a relevant casting temper- 
ature. Examination of the surface microstructure of sam- 
ples solidified under these varying conditions showed 
that there was enhanced formation of MnO and Si0 2 . 

Figure 16 illustrates the manner in which total heat 
flux was related to the deoxidation product liquidus tem- 
perature. It will be seen that the total heat flux increases 
substantially linearly with decreasing liquidus tempera- 
tures of the deoxidation products. In steel melts the de- 
oxidation products comprise FeO, MnO, Si0 2 and Al 2 0 3 
which throughout the casting temperature range will at 
best be a liquid/solid mixture. We have determined that 
there is a very important correlation between the liquid 
fraction ol oxides and the total heat flux during the so- 
lidification process. Figure 17 presents total heat fiux 
measurements obtained on solidification of steel spec- 
imens plotted against the proportion of the deoxidation 
products which was liquid during the solidification proc- 
ess. In these tests the melt temperature was 1620°C. It 
will be seen that for this temperature there is a quite pre- 
cise relationship between the measured heat flux and 
the fraction of the deoxidation products which was liquid 
at that temperature. The correlation holds for other tem- 
peratures within the normal working range of melt tem- 
peratures extending from 1900°C to 1400°C. 

The experimental results described thus far estab- 
lish that heat flux on solidification can be significantly 
increased by ensuring that there is interposed between 
the melt and the solidification substrate a layer of mate- 
rial which is at least partly liquid, which initially improves 
wettability of the melt on the substrate and which sub- 
sequently improves wettability between the substrate 
and solidified shell interface. When casting steel, the in- 
terface layer may be formed from steel deoxidation 
products in the form of a mixture of oxides which will at 
least partially melt. The proportion of the deoxidation 
products such as FeO, MnO, Si0 2 and Al 2 0 3 can be 
adjusted to ensure that the liquidus temperature of the 
mixture is reduced to such a degree that there will be 
substantial melting of the mixture at the casting temper- 
ature and there is an important relationship between the 
fraction of the mixture which is liquid during solidification 
and the total heat flux obtained on solidification. The pro- 
portions of the oxides in the mixture and the liquidus 
temperature of the mixture can be affected by supply of 
oxygen to the melt during solidification and in particular 
the liquidus temperature may be reduced so as to en- 



hance the heat flux obtained. This may be of particular 
advantage in the casting of manganese-silicon killed 
steels such as M06 grades of steel. 

Aluminium killed steel such as A06 steel present 
5 particular problems in continuous strip casting opera- 
tions, especially in twin roll casters. The aluminium in 
the steel produces significant quantities of Al 2 0 3 in the 
deoxidation products. This oxide is formed as solid par- 
ticles which can clog the fine passages in the distribution 
10 nozzle of a twin roll caster. It is also .present in the oxide 
layer which builds up on the casting surfaces and caus- 
es poor heat transfer and low total heat flux on solidifi- 
cation. We have determined that these problems can be 
alleviated by addition of calcium to the melt so as to pro- 
15 duce CaO which in conjunction with AI 2 O a can produce 
liquid phases so as to reduce the precipitation of solid 
Al 2 0 3 . This not only reduces clogging of the nozzles but 
improves wettability of the substrate in accordance with 
the present invention so as to enable higher heat flux to 
20 be achieved during the solidification process. 

Figure 18 shows the phase diagram of CaO-AI 2 0 3 
mixtures and it will be seen that the eutectic composition 
of 50.65% CaO has a liquidus temperature of 1350°C. 
Accordingly if the addition of calcium is adjusted to pro- 
25 duce a CaO-AI 2 0 3 mixture of around this eutectic com- 
position, this will significantly increase the liquid fraction 
of the oxide layer so as to enhance total heat flux. 

We have carried out solidification tests on a large 
number of A06 steel specimens with varying calcium ad- 
30 ditions on a smooth substrate at a melt temperature of 
1595°C. Results of these tests are shown in Figures 19 
and 20. Figure 19 plots the measured heat flux values 
over the period of solidification for varying calcium ad- 
ditions. Specifically five separate curves are shown for 
35 increasing Ca/AI compositions in the direction indicated 
by the arrow. Figure 19 plots the maximum heat flux ob- 
tained in each solidification test against the Ca/AI con- 
tent. 

The results displayed in Figures 19 and 20 show 
40 that significant increases of heat flux can be obtained 
by increasing the Ca/AI content so that the CaO-AI 2 0 3 
mixture is close to its eutectic. 

Our experimental work has shown that the substan- 
tially liquid oxide layer which covers the substrate under 
45 strip cooling conditions is very thin and in most cases is 
of the order of 1 micron thick or less. In the tests carried 
out the experimental apparatus illustrated in Figures 1 
and 2, examination of the substrate and cast specimen 
surfaces after casting have revealed that both the sub- 
so strate and cast surface have particles of manganese 
and silicon compositions which must have solidified 
from the liquid layer. On each surface these particles 
have been at sub-micron levels indicating that the thick- 
ness of the liquid layer is of the order of 1 micron or less. 
55 Model calculations demonstrate that the thickness 
of the layer should not be more than about 5 microns, 
otherwise the potential improvement in heat flux due to 
the enhanced wettability of the layer is completely offset 
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by the increased resistance to heat flux due to the thick- 
ness of the layer. Figure 21 plots the results of model 
calculations assuming perfect wettability. This supports 
the experimental observations and further indicates that 
the oxide layer should be less than 5 microns thick and 
preferably of the order of 1 micron thick or less. 

Figures 22 to 26 illustrate a twin roll continuous strip 
caster which has been operated in accordance with the 
present invention. This caster comprises a main ma- 
chine frame 11 which stands up from the factory floor 
12. Frame 11 supports a casting roll carriage 13 which 
is horizontally movable between an assembly station 1 4 
and a casting station 15. Carriage 13 carries a pair of 
parallel casting rolls 1 6 to which molten metal is supplied 
during a casting operation from a ladle 17 via a tundish 
18 and delivery nozzle 19 to create a casting pool 30. 
Casting rolls 16 are water cooled so that shells solidify 
on the moving roll surfaces 16A and are brought togeth- 
er at the nip between them to produce a solidified strip 
product 20 at the roll outlet. This product is fed to a 
standard coiler 21 and may subsequently be transferred 
to a second coiler 22. A receptacle 23 is mounted on the 
machine frame adjacent the casting station and molten 
metal can be diverted into this receptacle via an overflow 
spout 24 on the tundish or by withdrawal of an emergen- 
cy plug 25 at one side of the tundish if there is a severe 
malformation of product or other severe malfunction 
during a casting operation. 

Roll carriage 13 comprises a carriage frame 31 
mounted by wheels 32 on rails 33 extending along part 
of the main machine frame 11 whereby roll carriage 13 
as a whole is mounted for movement along the rails 33. 
Carriage frame 31 carries a pair of roll cradles 34 in 
which the rolls 16 are rotatably mounted. Roll cradles 
34 are mounted on the carriage frame 31 by interengag- 
ing complementary slide members 35, 36 to allow the 
cradles to be moved on the carriage under the influence 
of hydraulic cylinder units 37, 38 to adjust the nip be- 
tween the casting rolls 16 and to enable the rolls to be 
rapidly moved apart for a short time interval when it is 
required to form a transverse lino of weakness across 
the strip as will be explained in more detail below. The 
carriage is movable as a whole along the rails 33 by ac- 
tuation of a double acting hydraulic piston and cylinder 
unit 39, connected between a drive bracket 40 on the 
roll carriage and the main machine frame so as to be 
actuable to move the roll carriage between the assembly 
station 14 and casting station 15 and vice versa. 

Casting rolls 16 are contra rotated through drive 
shafts 41 from an electric motor and transmission 
mounted on carriage frame 31. Rolls 16 have copper 
peripheral walls formed with a series of longitudinally ex- 
tending and circumferentially spaced water cooling pas- 
sages supplied with cooling water through the roll ends 
from water supply ducts in the roll drive shafts 41 which 
are connected to water supply hoses 42 through rotary 
glands 43. The roll may typically be about 500 mm di- 
ameter and up to 2000 mm long in order to produce 2000 



mm wide strip product. 

Ladle 1 7 is of entirely conventional construction and 
is supported via a yoke 45 on an overhead crane 
whence it can be brought into position from a hot metal 
5 receiving station. The ladle is fitted with a stopper rod 
46 actuable by a servo cylinder to allow molten metal to 
flow from the ladle through an outlet nozzle 47 and re- 
fractory shroud 48 into tundish 18. 

Tundish 18 is also of conventional construction. It 
io Is formed as a wide dish made of a refractory material 
such as magnesium oxide (MgO). One side of the 
tundish receives molten metal from the ladle and is pro- 
vided with the aforesaid overflow 24 and emergency 
plug 25. The other side of the tundish is provided with a 
15 series of longitudinally spaced metal outlet openings 52. 
The lower part of the tundish carries mounting brackets 

53 for mounting the tundish onto the roll carriage frame 
31 and provided with apertures to receive indexing pegs 

54 on the carriage frame so as to accurately locate the 
20 tundish. 

Delivery nozzle 19 is formed as an elongate body 
made of a refractory material such as alumina graphite. 
Its lower part is tapered so as to converge inwardly and 
downwardly so that it can project into the nip between 
25 casting rolls 16. It is provided with a mounting bracket 
60 whereby to support it on the roll carriage frame and 
its upper part is formed with outwardly projecting side 
flanges 55 which locate on the mounting bracket. 

Nozzle 1 9 may have a series of horizontally spaced 
30 generally vertically extending flow passages to produce 
a suitably low velocity discharge of metal throughout the 
width of the rolls and to deliver the molten metal into the 
nip between the rolls without direct impingement on the 
roll surfaces at which initial solidification occurs. Alter- 
35 natively, the nozzle may have a single continuous slot 
oullet to deliver a low velocity curtain of molten metal 
directly into the nip between the rolls and/or it may be 
immersed in the molten metal pool. 

The pool is confined at the ends of the rolls by a pair 
40 of side closure plates 56 which are held against stepped 
ends 57 of the rolls when the roll carriage is at the cast- 
ing station. Side closure plates 56 are made of a strong 
refractory material, for example boron nitride, and _have 
scalloped side edges 81 to match the curvature of the 
45 stepped ends 57 of the rolls. The side plates can be 
mounted in plate holders 82 which are movable at the 
casting station by actuation of a pair of hydraulic cylinder 
units 83 to bring the side plates into engagement with 
the stepped ends of the casting rolls to form end clo- 
50 sures for the molten pool of metal formed on the casting 
rolls during a casting operation. 

During a casting operation the ladle stopper rod 46 
is actuated to allow molten metal to pour from the ladle 
to the tundish through the metal delivery nozzle whence 
55 it flows to the casting rolls. The clean head end of the 
strip product 20 is guided by actuation of an apron table 
96 to the jaws of the coiler 21. Apron table 96 hangs 
from pivot mountings 97 on the main frame and can be 
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swung toward the coiler by actuation of an hydraulic cyl- 
inder unit 98 after the clean head end has been formed. 
Table 96 may operate against an upper strip guide flap 
99 actuated by a piston and a cylinder unit 101 and the 
strip product 20 may be confined between a pair of ver- 
tical side rollers 102. After the head end has been guid- 
ed in to the jaws of the coiler, the coiler is rotated to coil 
the strip product 20 and the apron table is allowed to 
swing back to its inoperative position where it simply 
hangs from the machine frame clear of the product 
which is taken directly onto the coiler 21. The resulting 
strip product 20 may be subsequently transferred to coil- 
er 22 to produce a final coil for transport away from the 
caster. 

Full particulars of a twin roll caster of the kind illus- 
trated in Figures 22 to 26 are more fully described in our 
United States Patents 5,184,668 and 5,277,243 and In- 
ternational Patent Application PCT/AU93/00593. In ac- 
cordance with the present invention steel has been cast 
in such apparatus with steel melt compositions chosen 
such that the deoxidation products produce an oxide 
coating on the casting rolls which has a major liquid frac- 
tion at the casting temperature. As a result, it has been 
confirmed that a preferred M06 steel composition to 
achieve optimum results is as follows: 



Carbon 


0.06% by weight 


Manganese 


0.6% by weight 


Silicon 


0.28% by weight 


Aluminium 


< 0.002% by weight 


Melt free oxygen 


60-100 parts per million. 



It has also been determined that with manganese/ 
silicon killed steels the melt free oxygen level is impor- 
tant. Figure 27 illustrates the oxide phases present in a 
M06 steel of the preferred composition over a range of 
melt temperatures at differing free oxygen levels. It is 
preferred to maintain conditions which produce MnO + 
Si0 2 and to avoid the conditions which produce either 
Al 2 0 3 or solid Si0 2 oxides. It is therefore preferred to 
have a melt free oxygen level in the range 60 to 100 
parts per million from melt temperatures below 1675°C. 

It has further been determined that a suitable A06 
composition to achieve optimum results with appropri- 
ate calcium addition is as follows: 



Carbon 


0.06% by weight 


Manganese 


0.25% by weight 


Silicon 


0.015% by weight 


Aluminium 


0.05% by weight 



The coating on the roll may be produced entirely by 
build up of oxides from the casting pool. In this case it 
may be necessary for an initial quantity of strip to be 
produced before there is sufficient build up to produce 
a partially liquid layer to the extent to achieve the desired 



heat flux consistent with the speed of strip production. 
There may thus be an initial start up period which will 
produce scrap product before stable high heat flux con- 
ditions are achieved. 

5 Rather than rely on the build up of oxides on the roll 
it is feasible within the scope of the present invention to 
apply an appropriate oxide composition to the roll sur- 
faces immediately in advance of their enlry into the pool 
or to provide the rolls with a permanent coating of oxides 

10 which partially melt on contact with the casting pool. 
Suitable low melting point coating material could be rho- 
dium oxide, potassium oxide and bismuth oxide. 

The invention is not limited in its application to twin 
roll casters and it may be applied in any continuous strip 

15 casting operation such as casting carried out on a single 
roll caster or a belt caster. It may also find application in 
other casting processes in which metal must be rapidly 
solidified by contact with a chilled casting surface. 

20 

Claims 

1. A method of casting metal in which molten metal 
solidifies in contact with a casting surface (16A), 

25 characterised in that the casting surface (16A) has 
an Arithmetic Mean Roughness Value (R a ) of less 
than 5 microns and there is interposed between the 
casting surface (16 A) and the molten metal during 
solidification a layer of material a major proportion 

30 of which layer is liquid during the metal solidification 
and the liquid of the layer has a wetting angle of less 
than 40° on said casting surface. 

2. A method as claimed in claim 1 , further character- 
35 ised in that said layer is less than 5 microns thick. 

3. A method as claimed in claim 2, further character- 
ised in that said layer is no more than 1 micron thick. 

40 4. A method as claimed in any one of claims 1 to 3, 
further characterised in that the liquid fraction of 
said layer is at least 0.75. 

5. A method for continuously casting metal strip of the 
45 kind in which a casting pool (30) of molten metal is 

formed in contact with a moving casting surface 
(16A) such that metal solidifies from the pool (30) 
onto the moving casting surface (16A). character- 
ised in that the casting surface (16A) has an Arith- 

so metic Mean Roughness Value (R a ) of less than 5 
microns and there is interposed between the cast- 
ing surface (16A) and the casting pool (30) during 
said metal solidification a layer of material a major 
proportion of which layer is liquid during the metal 

55 solidification. 

6. A method as claimed in claim 5, further character- 
ised in that the liquid of said layer has a wetting an- 
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gle of less than 40° on said casting surface. 

7. A method as claimed in claim 5 or claim 6, further 
characterised in that said layer is less than 5 mi- 
crons thick. 

8. A method as claimed in claim 7, further character- 
ised in that said layer is no more than 1 micron thick. 

9. A method as claimed in any one of claims 5 to 8, 
further characterised in that said layer of material is 
generated entirely from the casting pool. 

10. A method as claimed in claim 9, further character- 
ised in that the metal is steel, the casting pool (30) 
contains oxides of iron, manganese and silicon, and 
said layer comprises a mixture of iron, manganese 
and silicon oxides, the proportions of the mixture 
being such that the major proportion of the mixture 
is liquid during metal solidification. 

1 1 . A method as claimed in claim 1 0, further character- 
ised in that the casting pool (30) further comprises 
aluminium oxide and said layer comprises a mixture 
of iron, manganese, silicon and aluminium oxides. 

12. A method of continuously casting metal strip of the 
kind in which molten metal is introduced into the nip 
between a pair of parallel casting rolls (16) via a 
metal delivery nozzle (19) disposed above the nip 
to create a casting pool (30) of molten metal sup- 
ported on casting surfaces (16A) of the rolls imme- 
diately above the nip and the casting rolls (16) are 
rotated to deliver a solidified metal strip (20) down- 
wardly from the nip, characterised in that the casting 
surfaces (16A) have an Arithmetic Mean Rough- 
ness Value (R a ) of less than 5 microns and there is 
interposed between each of the casting surfaces 
( 1 6 A) of the rolls ( 1 6) and the casting pool (30) dur- 
ing said metal solidification a layer of material a ma- 
jor proportion of which layer is liquid during the met- 
al solidification. 

13. A method as claimed in claim 12, further character- 
ised in that the liquid of said layer has a wetting an- 
gle of less than 40° on said casting surface. 

14. A method as claimed in claim 13, further character- 
ised in that said layer is less than 5 microns thick. 

1 5. A method as claimed in claim 1 4, further character- 
ised in that said layer is no more than 1 micron thick. 

16. A method as claimed in any one of claims 12 to 14, 
further characterised in that the liquid fraction of 
said layer is at least 0.75. 

17. A method as claimed in any one of claims 12 to 16, 
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20 



25 



30 



35 



further characterised in that the casting pool (30) 
contains the material which forms the layer on each 
of the casting surfaces of the rolls as they come into 
contact with the pool (30) on rotation of the rolls 
(16). 

1 8. A method as claimed in claim 1 7. further character- 
ised in that the metal is steel, Ihe pool conlains slag 
comprising iron, manganese and silicon oxides, 
and said layer comprises a mixture of iron, manga- 
nese, and silicon oxides deposited on the casting 
rolls (16) from the slag. 

1 9. A method as claimed in claim 1 8. further character- 
ised in that the proportion of manganese and silicon 
oxides in the slag is such that the layer comprises 
liquid manganese and silicon oxide phases. 

20. A method as claimed in claim 1 9, further character- 
ised in that the slag contains MnO and Si0 2 in pro-, 
portions of about 75% MnO and 25% SiOg. 

21. A method as claimed in any one of claims 1 7 to 20, 
further characterised in that free oxygen is supplied 
to the casting pool (30) to enhance formation of iron 
oxide and of MnO and Si0 2 in the slag. 

22. A method as claimed in claim 1 8, further character- 
ised in that the steel melt is a manganese/silicon 
killed steel. 

23. A method as claimed in any one of claims 1 8 to 22, 
further characterised in that the steel melt is gener- 
ally of the following composition: 





Carbon 


0.06% by weight 




Manganese 


0.6% by weight 




Silicon 


0.28% by weight 


40 


Aluminium 


<0.002% by weight. 



45 



50 



55 



24. A method as claimed in claim 18, further character- 
ised in that the slag also comprises aluminium oxide 
and said layer comprises a mixture of iron, silicon 
and aluminium oxides. 

25. A method as claimed in claim 24. further character- 
ised in that the steel melt is an aluminium killed steel 
with a purposeful addition of calcium. 

26. A method as claimed in claim 25, further character- 
ised in that the proportion of calcium to aluminium 
in the melt is in the range 0.2 to 0.3 by weight. 

27. A method as claimed in claim 25 or claim 26, further 
characterised in that the steel melt has the following 
composition: 
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Carbon 


0.06% by weight 


Manganese 


0.25% by weight 


Silicon 


0.15% by weight 


Aluminium 


0.05% by weight. 
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28. A method as claimed in any one of claims 1 2 to 27, 
further characterised in that the casting rolls (16) 
are chrome plated so that the casting surfaces 10 
(16A) are chromium surfaces. 
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TEMPERATURE - OXYGEN WINDOW 
(C=0.06 , Mn = 0.6 , Si = 0.28) 




1575 1600 1625 

' 2 J TEMPERATURE (deg.C) 
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